Twenty polymorphic microsatellite markers were developed, using Next Generation Sequencing (Illumina), from genomic DNA of Parashorea malaanonan, a species of the Dipterocarpaceae which is ecologically and economically important in the Philippines. Thirty adult trees from a natural population were used to assess the success of PCR amplification and the degree of polymorphism. The number of alleles per locus varied from three to 13, and observed and expected heterozygosity varied from 0.200 to 0.808 and from 0.301 to 0.890 respectively. Total exclusion probabilities for the first and second parents over the 20 loci were 0.99932499 and 0.99999723 respectively. The high level of polymorphism at these loci makes it possible to obtain precise estimates of genetic parameters and thus the markers will help in studies on population genetics, conservation genetics, and molecular ecology of P. malaanonan.
Introduction
Parashorea malaanonan (Blanco) Merr., known locally in the Philippines as 'bagtikan' , belongs to the ecologically and economically important tree family the Dipterocarpaceae. It is a large, prominent tree that can reach a height of 60 m and a basal trunk diameter of up to 200 cm . It is naturally distributed in Brunei Darussalam, Malaysia (Sabah, Sarawak) , and the Philippines. It is categorized as critically endangered on the IUCN Red List of Threatened Species (IUCN, 2018) . In the Philippines, it thrives in lowland tropical rain forest at altitudes of up to 1,300 m and it is fairly common in its native range. Although it is relatively abundant compared to other dipterocarp species in the country, its genetic resources have been rapidly reduced due to excessive logging and land use conversion (Langenberger, 2006) . Gamboa-Lapitan and Hyun (2005) assessed the mating system and genetic diversity of P. malaanonan using isozymes. Abasolo et al. (2009) and Villarin (2015) investigated the transferability of Shorea microsatellite markers developed by Ujino et al., 1998 , Ng et al., 2009 , and Lee et al., 2004 to P. malaanonan and found that only a few of the markers tested were polymorphic and could therefore be used for further genetic studies in P. malaanonan populations. Locus specificity, amplification errors (Selkoe and Toonen, 2006) or deletion of simple sequence repeat (SSR) flanking regions among species (Lemes et al., 2002) may have contributed to the limited transferability of markers even to closely related taxa within the family. This necessitates the development of new highly polymorphic microsatellite markers to aid in the generation of genetic information for investigations into genetic diversity, genetic structure, mating system, and gene dispersal via pollen and seed for this species.
For the development of microsatellite markers, our study used next generation sequencing (NGS), which has proved popular for this application. Currently, 454 (Roche) and Illumina are the NGS platforms most widely used for developing SSR markers (Vieira et al., 2016) . We also used the three-primer PCR method (Blacket et al., 2012) to amplify microsatellite loci. The strategy used locus-specific forward primers with tail sequences (A, B, C or D) at the 5' end of the primer sequences, locusspecific reverse primers, and universal forward primers (tail A, B, C or D) with fluorescent dyes. Our objective in this study was to develop and characterize polymorphic microsatellite markers for assessing the genetic diversity, genetic structure, mating system, gene dispersal, and parentage of offspring in P. malaanonan.
Materials and Methods
Total genomic DNA (1 μg) was extracted from inner bark tissues of an adult P. malaanonan tree at Mount Makiling Forest Reserve (MMFR) in the Philippines using cetyltrimethylammonium bromide (CTAB) method (Murray and Thompson, 1980) with minor modifications and purified with Genomic DNA Clean & Concentrator (Zymo Research). Voucher specimens were deposited in the herbarium of the Department of Forest Biological Sciences, College of Forestry and Natural Resources, University of the Philippines Los Baños. The purified genomic DNA was then used for library construction with a Nextera DNA Library Preparation Kit (Illumina). The library was quantified for fragment length with a MultiNA Microchip Electrophoresis System (Shimadzu Co.). Sequencing was performed on a MiSeq sequencer (Illumina) with a 600 cycle kit according to the manufacturer's instructions. Forward and reverse sequencing reads were merged with bbmerge (https://github.com/ BioInfoTools/BBMap) and processed with Trimmomatic (Bolger et al., 2014) to remove adapter, low quality, and short sequences. Sequences of lengths <150 bp were removed. The remaining sequences were used as input for the CMIB pipeline (Ueno et al., 2012) to obtain unique PCR primers targeting microsatellites with the numbers of repeat units being 10, 9, 8, 7, and 6 for di-, tri-, tetra-, penta-, and hexa-SSRs, respectively. Those sequences for which primer pairs could be successfully designed were subjected to BLAST searching against the NCBI nonredundant nucleotide (nt) and non-redundant protein (nr) databases with an E-value cut-off of 1E-5. We selected 48 primer pairs, for which forward primers with universal primer tail sequences (Blacket et al., 2012) and reverse primers with a PIGtail sequence (Brownstein et al., 1996) at the 5'-end of the primer sequence were synthesized.
Genomic DNA from inner bark tissues of adult trees in a P. malaanonan natural population in MMFR, freshly extracted using a CTAB method with minor modifications, were used in primer screening for PCR amplification and extent of polymorphism. The genomic DNA from two adult trees (dbh > 30 cm) was used when screening for PCR amplification. Singleplex PCR was carried out with a Gene Amp PCR system 9700 using a Type-It Multiplex PCR Kit (QIAGEN) in a final volume of 6 μL containing 3.0 μL of 2× Type-it Multiplex PCR Master Mix, 0.2 μM of reverse primer, 0.2 μM of forward primer and 0.2 μM of fluorescently labeled universal primer (Blacket et al., 2012) , and 1 μL genomic DNA (approximately 5 -10 ng). The PCRs were carried out using a touchdown protocol as follows: an initial denaturation for 15 min at 95° C, followed by 35 cycles of denaturation at 94° C for 30 s, annealing at 65-60° C for 90 s, and extension at 72° C for 1 min; the annealing temperature was 65° C in the first cycle, from 64 to 61° C (-1° C/ cycle) during the following four cycles, and 60° C from the 6 th to 35 th cycle. The PCR products were electrophoresed using a 3130-Avant Genetic Analyzer (Applied Biosystems), with a GeneScan 500 LIZ (Applied Biosystems) size standard, and fragment sizes were estimated using GeneMapper v. 4.0 software (Applied Biosystems). After screening of primers for PCR amplification, we selected the markers which were successfully amplified and constructed primer combinations for multiplex PCR using Multiplex Manager version 1.2 (Holleley and Geerts, 2009 ). To screen primers for polymorphism, multiplex PCR and genotyping were carried out for 30 adult trees (dbh > 30 cm) in the same way as described above. The number of alleles per locus (A), observed heterozygosity (H O ), expected heterozygosity (H E ), and exclusion probability were calculated using CERVUS version 3.0.7 (Kalinowski et al., 2007) . Departure from Hardy-Weinberg Equilibrium (HWE) at each locus and linkage disequilibrium for all pairs of loci were tested using probability tests implemented in Genepop version 4.2 (Rousset, 2008) .
Results and Discussion
Insert size in the sequencing library ranged from 300 bp to 410 bp with a mode of 360 bp. In total, 2.69 Gb (4,476,115 pairs) were obtained, of which 3,751,025 (83.7 %) were successfully merged. The average length of the merged reads was 185 bp with a maximum of 593 bp, yielding 2,453,465 (557 Mb) sequences after cleaning with Trimmomatic. We found 2,128 (0.087 %) sequences with the microsatellites defined in the Materials and Methods section. Focusing on those microsatellites with the number of repeat units being 6, 5, 4, 3, and 2 for di-, tri-, tetra-, penta-, and hexa-SSRs respectively, 27,264 (1.11 %) of the sequences had a microsatellite motif. We designed primer pairs targeting 575 sequences, for which BLAST homology searches were performed. We found that 62 sequences had hits against nt or nr database entries. However, 27 (43.5 %) sequences had hits against entries from non-green plants, and we avoided these sequences when synthesizing primers. Forty-eight primer pairs were synthesized and tested for PCR amplification and polymorphisms.
The initial primer screening for (singleplex) PCR amplification was done using two adult P. malaanonan trees. Thirty out of 48 markers were amplified to give the expected sizes and these were screened for polymorphism by means of multiplex PCR using 30 adult trees of the species. The markers were combined in five multiplex mixes, which contained between two to eight markers. Ten of the 30 markers showed monomorphic or unstable expression and 20 had stably polymorphic expression. Primer information for these 20 markers is shown in Table 1 and polymorphisms at the corresponding loci are shown in Table 2 . The number of alleles per locus varied from three to 13, and observed and expected heterozygosity varied from 0.200 to 0.808 and from 0.301 to 0.890 respectively. Total exclusion probabilities for the first and second parents over the 20 loci were 0.99932499 and 0.99999723 respectively. One locus, S035, departed significantly from HWE after sequential Bonferroni correction. There was no significant linkage disequilibrium detected for any pair of the loci after sequential Bonferroni correction. The microsatellite markers developed and characterized here will be useful for use in future work on population genetics, conservation genetics and molecular ecology of the critically endangered species P. malaanonan. (Blacket et al., 2012 ) and a PIG-tail sequence (Brownstein et al., 1996) respectively. b Primer melting temperature. We used annealing temperatures in the PCR touchdown protocol at 65-60  C for all multiplex sets. c Accession number in the DNA Data Bank of Japan. (Rousset, 2008) . ns, not significant; ** P < 0.01.
